Abstract: Twenty eight 7-substitued fangchinoline analogues, of which twenty two were novel, were synthesized and evaluated for their effect to inhibit lipopolysaccharide/nigericin (LPS/NIG)-induced IL-1β release at both cell and protein levels at the concentration of 5 µM. Among them, compound 6 exhibited promising inhibitory potency against IL-β activation with an IC 50 value of 3.7 µM. Preliminary mechanism study revealed that 6 might target NLRP3 protein, and then block ASC pyroptosome formation with-NLRP3, rather than acting on the activation of the NLRP3 inflammasome (NF-κB and MAPK pathways) or caspase-1 protein. Our current study supported the potential role of compound 6 against IL-β activation, and provided powerful information for developing fangchinoline derivatives into a novel class of anti-inflammatory agents.
Introduction
Inflammation is an indispensable immunological response to tissue injury induced by a wide variety of stimuli, such as pathogens, damaged cells, or irritants [1] [2] [3] , and is a protective response involving immune cells, blood vessels, and molecular mediators [4] . However, inappropriate inflammation generates excess amounts of inflammatory cytokines which would cause tissue destruction and ultimately result in severe disorders, such as gout, atherosclerosis, type 2 diabetes, metabolic syndrome, age-related macular degeneration, Alzheimer's disease, multiple sclerosis, and inflammatory bowel disease [2, 3] . Unfortunately, for most of these conditions, no satisfactory treatment is available.
As the most characterized pro-inflammatory cytokine among IL-1 family members, IL-1β is a potent pro-inflammatory mediator in many immune reactions, and IL-1β antibody has demonstrated great promises in the treatment of inflammatory-related disorders including cardiovascular and rheumatologic [5] [6] [7] [8] . Abundant studies have indicated that the nucleotide-binding domain (NOD)-like receptor protein 3 (NLRP3) inflammasome, which consists of the sensor protein NLRP3 (also known as NALP3), the pro-inflammatory mediator caspase-1, and the adaptor protein apoptosis-associated speck-like protein (ASC), is responsible for the production of IL-1β [9, 10] . The activation of NLRP3 inflammasome requires dual signals [11] . One, referred to as priming, is the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)-dependent production of pro-IL-1β and priming, is the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)-dependent production of pro-IL-1β and NLRP3 [12, 13] . The other is the narrower activation of NLRP3 inflammasome [11] , in which-NLRP3 recruites the oligomerized ASC mediated by mitogen-activated protein kinase (MAPK) pathway [14] , and pro-caspase-1, which is responsible for the cleavage of pro-IL-1β into IL-1β. Therefore, the inhibition of NLRP3 mediated IL-1β secretion is now generally considered as an effective strategy to prevent inflammation associated diseases [10, 15] .
In recent years, our group has been dedicated to the exploration and discovery of new anti-inflammatory agents from a natural alkaloid library [16] . Since THP-1 cell line is readily to form NLRP3 inflammasome under the stimuli of lipopolysaccharide (LPS) and nigericin (NIG) [17] , we established a NLRP3-mediated IL-1β activation screening model in THP-1 cells. Then, a Chinese natural bisbenzylisoquinoline alkaloid, fangchinoline (1, Figure 1 ) was found by screening to exert a moderate anti-inflammatory effect with the inhibitory rate of 50.5% (5 μM). It was reported that 1 could reduce the incidence and severity of LPS-induced inflammation reactions in vivo with an unknown mode of action [18] . The unique bisbenzylisoquinoline skeleton of 1 prompted us to investigate the anti-inflammatory effect of this compound class, and 7O-methylfangchinoline (2) named tetrandrine (Figure 1 ), was found to retain the activity by inhibiting IL-1β release at a rate of 40.7% (5 μM), indicating the potential promise of its kind as anti-inflammatory agents. The free hydroxyl group in compound 1 provides a ready handle group for subsequent structural modifications. Therefore, in the present study, as illustrated in Figure 1 , taking 1 as the lead, a series of bisbenzylisoquinoline analogues with diverse substitution patterns at the C7 position were designed, synthesized and evaluated for their inhibition of NLRP3 mediated IL-1β activation triggered by LPS/NIG in THP-1 cells. The anti-inflammatory mechanism study of key compounds was carried out as well. 
Results and Discussion

Chemistry
A total of 28 bisbenzylisoquinoline derivatives were prepared using commercially available fangchinoline (2) with purity over 95% as the starting material, which was purchased from Xi'an Tianbao Biotechnology Co., Ltd. (Shanxi, China). Compounds 3a-c [19, 20] , 3e-g [19, 21] , 4a [20] and 4b [20] were prepared according to literature methods. As shown in Scheme 1, 7O-alkyl fangchinoline analogues 3d and 3h were obtained in reasonable yields via the reactions of 2 and various alkyl or aromatic halides in DMF, using sodium hydride as the acid neutralizer [19] [20] [21] . 7O-Acyl fangchinoline analogues 4c-e were obtained in 35-52% yields by acylation of 1 with various acyl chloridew, using triethylamine as the base [20] . 7O-Sulfonylfangchinoline products 5a and 5b were obtained in 33-50% yields by sulfonation of 1 in a similar method [20] .
The reaction of 2 and N- (3-bromopropyl) phthalimide in DMF and sodium hydride under an inert atmosphere provided phthalimide 6 in 50% yield, which was converted in a high yield into its primary amine derivative 7 with hydrazine via a Gabriel reaction [22] . The acylation or sulfonation 
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Chemistry
The reaction of 2 and N-(3-bromopropyl)phthalimide in DMF and sodium hydride under an inert atmosphere provided phthalimide 6 in 50% yield, which was converted in a high yield into its primary amine derivative 7 with hydrazine via a Gabriel reaction [22] . The acylation or sulfonation of 7 gave the corresponding target compounds 8a-j or 8k-m in 22-71% yields. All the final products were purified by flash column chromatography on silica gel using CH 2 Cl 2 /CH 3 OH as the eluent. of 7 gave the corresponding target compounds 8a-j or 8k-m in 22-71% yields. All the final products were purified by flash column chromatography on silica gel using CH2Cl2/CH3OH as the eluent. Scheme 1. Reagents and conditions: (a) R1X, NaH, DMF, 0 °C-r.t., 29-30% ; (b) R2COCl, TEA, CH2Cl2, 0 °C-r.t., 35-52%; (c) R3SO2Cl, TEA, CH2Cl2, 0 °C-r.t., 33-50%; (d) N-(3-bromopropyl)phthalimide, NaH, DMF, 0 °C-r.t., 50%; (e) H2NNH2·H2O, EtOH, overnight, 90%; (f) R4COCl, TEA, CH2Cl2, 0 °C-r.t., 22-71%; (g) R5SO2Cl, TEA, CH2Cl2, 0 °C-r.t., 21-52%.
Biological Activity
All analogues were examined in THP-1 cells for their inhibitory effects on LPS/NIG-triggered IL-1β activation at the concentration of 5 μM by ELISA assay. Structures of the analogues and their inhibitory rates on IL-1β release activity were shown in Table 1 . Our SAR analysis was focused on the influence of the substituents on the 7-position of fangchinoline. As a start, the activity of nine ether derivatives 2 and 3a-h was tested and compared. Apparently, the length of the ether motif affected the activity. The methyl (2), ethyl (3a), isobutyl (3c) and ethyloxyethyl (3d) ethers gave slight decreases in activity, while the propyl ether 3b exhibited a significantly improved inhibitory rate of 71.8%. The introduction of a cyclic substituent was beneficial for activity, for example, saturated cyclopropyl methyl and cyclohexyl methyl ethers 3e and 3f showed improved inhibitory rates of 67.4% and 66.0%, and unsaturated benzyl and pyridylmethyl ethers 3g and 3h also gave higher inhibitory rates of 80.0% and 69.3%, respectively.
Then a series of carbonyl ester derivatives 4a-e and two sulfonyl ester derivatives 5a and 5b were also evaluated, and all of them displayed comparable or improved activities. Among them, 3,3-dimethylbutyryl and m-chlorobenzenesufonyl derivatives 4e and 5b gave the top inhibition rates of 72.1% and 80.5%, respectively.
Considering that compound 3b bearing a propyl ether gave the highest inhibition rate among the ether derivatives, novel aminopropyl ethers, including 7-phthalimidepropylfangchinoline (6) and 7-aminopropylfangchinoline (7) were prepared. As shown in Table 1 , compound 6 gave a satisfactory activity with an inhibition rate of 76.1% while the dephthalimido product 7 gave an obvious drop in activity. It was then assumed that the introduction of some substituent on the amino group of 7 might recover the activity, and consequently a variety of acyl or sulfonyl motives were 
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Considering that compound 3b bearing a propyl ether gave the highest inhibition rate among the ether derivatives, novel aminopropyl ethers, including 7-phthalimidepropylfangchinoline (6) and 7-aminopropylfangchinoline (7) were prepared. As shown in Table 1 , compound 6 gave a satisfactory activity with an inhibition rate of 76.1% while the dephthalimido product 7 gave an obvious drop in activity. It was then assumed that the introduction of some substituent on the amino group of 7 might recover the activity, and consequently a variety of acyl or sulfonyl motives were attached to the amino group and a series of novel fangchinoline derivatives 8a-m were generated. As anticipated, all compounds in this series gave higher activity than 7, with inhibition rates varying from 35.4% to 87.0%, except for compound 8j-m that failed to give inhibition data due to their high cellular toxicity at the tested concentration of 5 µM. Compound 8a gave the highest inhibition rate of 87%, however, the introduction of extra electron-donating methyl (8b) and methyloxyl groups(8c or 8d) or a electron-withdrawing nitro (8e) group on the benzene ring caused significant decreases in activity. Additionally, the replacement of the benzene ring by bioisosteric pyridine (8g) or furan (8h) or saturated morphine (8i) rings also gave reduced activity to varying degrees.
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caspase1 while the positive control Z-VAD-FMK (25 μM) showed potent inhibitory activity, suggesting neither of them act on caspase1. The neutrality of 3h and 6 on the expression of pro-IL-1β and NLRP3 depicted in Figure 4A suggested that these compounds might not impact the NF-κB signaling pathway, since the production of NLRP3 and pro-IL-1β in the cytoplasm is mediated by this pathway [23] . Therefore, the influences of 3h and 6 on several critical signaling steps involved in NF-κB signaling pathway were evaluated by western blot assay. As shown in Figure 4C , the treatment of tumor necrosis factor-alpha (TNFα), a commonly recognized proinflammatory cytokine induced by LPS [24] , successfully activated the NF-κB pathway within 15 minutes. The expressions of TAK1 and P-IKK proteins greatly increased, while the expression of IKBα protein dramatically decreased. However, neither the addition of 3h-nor 6 could reverse these changes, indicating that these compounds did not act by targeting the NF-κB signaling pathway or the generation of NLRP3 protein.
Then we moved to investigate the MAPK signaling pathway involved in the activation of NLRP3 inflammasome, therein several iconic proteins such as JNK, P38 and ERK, were evaluated by western blot assay. By the stimulation of TNFα, the MAPK pathway was activated, and upregulated phosphorylations of JNK, P38 and ERK were observed, as depicted in Figure 4C . However, both 3h and 6 hardly exhibited any reversal effects on these expression changes, suggesting that these compounds did not affect the MAPK signaling pathway, and thus might not affect the formation or activation of NLRP3 inflammasome.
LPS/NIG-triggered inflammasome activation features formation of the ASC pyroptosome structure that is believed to mediate caspase-1 activation [25] . Finally, we examined the effects of compound 3h and 6 on the behavior of NLRP3 and ASC combination using immunofluorescence method. As shown in Figure 5 , the LPS/NIG treatment triggered the ASC (labeled as green) pyroptosome structure formation (NLRP3 and ASC combination), while the extra addition of 3h and 6 greatly abolished the formation of ASC pyroptosome structure. Thus, 3h and 6 inhibition of LPS/NIG-triggered NLRP3 inflammasome activation likely occurrs via suppression of the NLRP3 and ASC combination, and 6 seemed to display a higher inhibition ability than 3h. The neutrality of 3h and 6 on the expression of pro-IL-1β and NLRP3 depicted in Figure 4A suggested that these compounds might not impact the NF-κB signaling pathway, since the production of NLRP3 and pro-IL-1β in the cytoplasm is mediated by this pathway [23] . Therefore, the influences of 3h and 6 on several critical signaling steps involved in NF-κB signaling pathway were evaluated by western blot assay. As shown in Figure 4C , the treatment of tumor necrosis factor-alpha (TNFα), a commonly recognized proinflammatory cytokine induced by LPS [24] , successfully activated the NF-κB pathway within 15 minutes. The expressions of TAK1 and P-IKK proteins greatly increased, while the expression of IKBα protein dramatically decreased. However, neither the addition of 3h-nor 6 could reverse these changes, indicating that these compounds did not act by targeting the NF-κB signaling pathway or the generation of NLRP3 protein.
LPS/NIG-triggered inflammasome activation features formation of the ASC pyroptosome structure that is believed to mediate caspase-1 activation [25] . Finally, we examined the effects of compound 3h and 6 on the behavior of NLRP3 and ASC combination using immunofluorescence method. As shown in Figure 5 , the LPS/NIG treatment triggered the ASC (labeled as green) pyroptosome structure formation (NLRP3 and ASC combination), while the extra addition of 3h and 6 greatly abolished the formation of ASC pyroptosome structure. Thus, 3h and 6 inhibition of LPS/NIG-triggered NLRP3 inflammasome activation likely occurrs via suppression of the NLRP3 and ASC combination, and 6 seemed to display a higher inhibition ability than 3h. To further identify the direct target, molecular docking analyses of 6 withNLRP3 and ASC were performed, respectively. The docking models of 6 with NLRP3 pyrin (PDB code: 3Q2F), ASC Pyrin (PDB code: 3J63) and ASC CARD (PDB code: 6N1H) were constructed in Discovery Studio 4.5 (BIOVIA, San Diego, CA). As shown in Figure 6A , 6 fitted nicely in the active binding site of NLRP3 pyrin . Figure 6B depicts the main interactions between 6 and NLRP3. The hydrogen bond with GLN A:45, Van der Waals forces and hydrophobic interactions contributed together to the strong interaction. Libdock program was then applied to quantify these interactions, which gave a libdock score of 107.3, suggesting the strong interaction between 6 and NLRP3. As a comparison, 6 could not fit in ASC Pyrin or ASC CARD (data not shown), indicating its inert interaction with ACS. To further identify the direct target, molecular docking analyses of 6 withNLRP3 and ASC were performed, respectively. The docking models of 6 with NLRP3 pyrin (PDB code: 3Q2F), ASC Pyrin (PDB code: 3J63) and ASC CARD (PDB code: 6N1H) were constructed in Discovery Studio 4.5 (BIOVIA, San Diego, CA). As shown in Figure 6A , 6 fitted nicely in the active binding site of NLRP3 pyrin . Figure 6B depicts the main interactions between 6 and NLRP3. The hydrogen bond with GLN A:45, Van der Waals forces and hydrophobic interactions contributed together to the strong interaction. Libdock program was then applied to quantify these interactions, which gave a libdock score of 107.3, suggesting the strong interaction between 6 and NLRP3. As a comparison, 6 could not fit in ASC Pyrin or ASC CARD (data not shown), indicating its inert interaction with ACS. To further identify the direct target, molecular docking analyses of 6 withNLRP3 and ASC were performed, respectively. The docking models of 6 with NLRP3 pyrin (PDB code: 3Q2F), ASC Pyrin (PDB code: 3J63) and ASC CARD (PDB code: 6N1H) were constructed in Discovery Studio 4.5 (BIOVIA, San Diego, CA). As shown in Figure 6A , 6 fitted nicely in the active binding site of NLRP3 pyrin . Figure 6B depicts the main interactions between 6 and NLRP3. The hydrogen bond with GLN A:45, Van der Waals forces and hydrophobic interactions contributed together to the strong interaction. Libdock program was then applied to quantify these interactions, which gave a libdock score of 107.3, suggesting the strong interaction between 6 and NLRP3. As a comparison, 6 could not fit in ASC Pyrin or ASC CARD (data not shown), indicating its inert interaction with ACS. 
Materials and Methods
Apparatus, Materials, and Analysis Reagents
Unless otherwise noted, all commercial reagents and solvents were obtained from the commercial provider and used without further purification. Melting points (mp) were obtained with a MP90 melting point apparatus and were uncorrected (Mettler-Toledo, Greifensee, Switzerland). 1 H-NMR and 13 C-NMR spectra were recorded on a Bruker Avance III 500 (500 MHz for 1 H-NMR; 126 MHz for 13 C-NMR) spectrometer (Varian, San Francisco, CA, USA) with Me 4 Si as the internal standard. ESI high-resolution mass spectra (HRMS) were recorded on an Autospec Ultima-TOF spectrometer (Micromass UK Ltd., Manchester, UK). Flash chromatography was performed on a Combiflash Rf 200 system (Teledyne-Isco, Lincoln, NE, USA).
Chemistry
General Procedure for the Preparation of 3d and 3h
Compound 1 (608 mg, 1 mmol) was dissolved in DMF (8 mL), to which NaH (48 mg, 2 mmol) was added. The mixture was stirred for 30 min at ambient temperature and then an alkyl or pyridyl halide (1.1 or 2 mmol) was added. The mixture was stirred for 1-10 h at ambient temperature until TLC showed the completion of the reaction. After the solvent was condensed, the residue was suspended in water (40 mL) and extracted with DCM (2 × 40 mL). The combined organic phase was washed with water and brine, dried over anhydrous Na 2 SO 4 and filtered. After removal of the solvent in vacuo, the residue was purified over by flash chromatography over silica gel using a gradient of DCM/MeOH as the eluent and achieved compounds 3d and 3h. 
7O-Ethoxyethylfangchinoline
General Procedure for the Preparation of 4c-e, 5a and 5b
To a solution of compound 1 (608 mg, 1 mmol) in DCM (8 mL), TEA (152 mg, 1.5 mmol) was added. The mixture was stirred for 30 min at ambient temperature, then the appropriate acyl or sulfonyl chloride (1.1 mmol) was added. The mixture was stirred for 1-5 h at ambient temperature until TLC indicated the completion of the reaction. The reaction mixture was diluted with water and extracted with DCM (2 × 30 mL). The combined organic phase was washed with water and brine, Molecules 2019, 24, 1154 9 of 16 dried over anhydrous Na 2 SO 4 and filtered, followed by solvent removal. The residue was purified over by flash chromatography over silica gel using a DCM/MeOH gradient as the eluent, to give compounds 4c-4e, 5a or 5b. To a solution of compound 1 (6.0 g, 9.8 mmol) in DMF (78 mL), NaH (0.47 g, 19.6 mmol) was added. The mixture was stirred for 30 min at ambient temperature, then N-(3-bromopropyl)-phthalimide (3.2 g, 11.8 mmol) was added in an ice-water bath. The mixture was stirred for 30 min in the ice-water bath under N 2 . The temperature gradually raised to room temperature under N 2 and the mixture was stirred 6 h until the reaction completed. The reaction mixture was diluted with water and extracted with DCM (2 × 80 mL). The combined organic phase was washed with water and brine, dried over anhydrous Na 2 SO 4 and filtered, followed by solvent removal. The residue was purified over by flash chromatography over silica gel using a gradient of DCM/MeOH as the eluent to givecompound 6 (3.90 g 
7O-Valerylfangchinoline
Procedure for the Preparation of 7O-Aminopropylfangchinoline (7)
Compound 6 (0.6 g, 0.7 mmol) was dissolved in 15 mL of EtOH, to which 80% hydrazine hydrate (0.88 g, 14 mmol) was added. The mixture was stirred overnight at ambient temperature. After filtration, the filtrate was evaporated, suspended with water (20 mL) and extracted with DCM (2 × 20 mL). The combined organic phase was washed with water and brine, dried over anhydrous MgSO 4 
General Procedure for the Preparation of 8a-m
To a solution of compound 7 (400 mg, 0.6 mmol) in DCM (10 mL), TEA (121 mg, 1.2 mmol) and the appropriate acyl or sulfonyl halide (0.72 mmol) was added in an ice-water bath. The mixture was stirred for 30 min in the ice-water bath under N 2 . The reaction temperature was then allowed to gradually rise to room temperature and the mixture was stirred 0.5-6 h until the reaction was complete. The mixture was diluted with water and extracted with DCM (2 × 30 mL). The combined organic phase was washed with water and brine, dried over anhydrous Na 2 SO 4 and filtered, followed by solvent removal. The residue was purified over by flash chromatography over silica gel using a DCM/MeOH gradient as eluent, giving target compounds 8a-m. immunoblot or ELISA. 293 cells were incubated with or without target derivatives for 2 h followed by stimulated with TNF-α (20 ng/mL).
7O-Benzamidepropylfangchinoline
Western Blot
Cells were washed with PBS and were lysed in lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 mM β-glycerophosphate, 5 mM EGTA, 1 mM sodium pyrophosphate, 5 mM NaF, 1 mM Na3VO4, 0.5% Triton X-100, and 1 mM DTT) supplemented with protease inhibitors (1 mM PMSF, 5 µg/mL leupeptin, 5 µg/mL pepstatin A, and 5 µg/mL aprotinin). The supernatants were treated with 1/4 volume TCA to precipitate protein, followed by centrifuge and washed with acetone. Proteins were separated by SDS-PAGE and were electrically transferred to a polyvinylidene difluoride membrane. The membranes were blocked for one hour at room temperature in TBS-T (150 mM NaCl, 20 Mm Tris, pH 7.5, 0.05% Tween-20) containing 5% milk and probed with specific first antibodies for one hour at room temperature. Blots were then incubated with HRP-conjugated anti-rabbit (7074, Cell Signaling) or anti-mouse (7076, Cell Signaling Technology) secondary antibody. Immunoreactivity proteins were visualized using the ECL detection system (Bio-Rad, Hercules, CA, USA).
Cytotoxicity Assay
THP-1 cells were seeded into 96-well plates at 1.5 × 10 4 cells per well with PMA (50nM). After 24 h incubation, fresh culture medium containing test compounds at various concentrations were added. 24 h later, cytotoxicity was evaluated with 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT).
Immunofluorescence
THP-1 were plated in 24-well plates and stimulated as previously described. Following the treatment, cells were fixed by 4% paraformaldehyde and permeabilized by 0.3% Triton X-100. After blocking with 1% BSA for 1 h, cells were stained with ASC antibodies overnight at 4 • C. After three washes with PBS, cells were stained with Alexa Fluor 484 secondary antibodies (Abcam) for another hour. 4 ,6-Diamidino-2-phenylindole (DAPI) were used to stain nuclei. Images were recorded on a fluorescence microscope.
Statistics
Results are presented as mean values ± standard error of independent triplicate experiments. All statistical analyses were performed by using two-tailed Student's t-test and p-values of less than 0.05 were considered statistically significant.
Molecular Modeling Analysis
Discovery Studio 4.5 software was used for the preparation of the ligand and receptor. An automated docking study was carried out using the 3D structure of NLRP3 pyrin (PDB code: 3Q2F), ASC Pyrin (PDB code: 3J63) and ASC CARD (PDB code: 6N1H). The regularized protein was used in determination of the important amino acids in the predicted binding pocket. Interactive docking using CDOCKER protocol was carried out for all the conformers of ligand 6 to the selected active site, after energy minimization using prepare ligand protocol. The docked compound was assigned a score according to its binding mode onto the binding site.
Conclusions
To conclude, a series of 7-substitued fangchinoline analogues, of which twenty two were novel, were synthesized and evaluated for their effect to inhibit LPS/NIG-induced IL-1β release at both cell and protein levels at the concentration of 5 µM. Among them, compound 6 exhibited promising potency against IL-β activation with an inhibition rate of 76.1% at a concentration of 5 µM and an IC 50 value of 3.7 µM. A preliminary mechanism study revealed that 6 failed to block NF-κB and MAPK pathways, and was not a direct caspase-1 inhibitor either. It might combine with NLRP3, and inhibit its ability to recruit ASC and finally inhibit IL-1β release, as described in Figure 7 . Our current study supports the potential role of compound 6 against inflammatory diseases, and these fangchinoline derivatives offer powerful information for further strategic optimization and provide promising potency for the development of a novel class of anti-inflammatory agents. 
